Hyperoxia may contribute to lung disease in newborns through effects on alveolar neutrophils which predominate in respiratory distress syndrome and other acute lung injuries. Neutrophil chemokines such as interleukin-8 (IL-8) regulate chemoattraction, and are elevated in tracheal aspirates of newborns who develop bronchopulmonary dysplasia (BPD). Blockade of neutrophil chemokines may reduce hyperoxia-induced inflammatory lung injury and BPD. We therefore tested the hypothesis that hyperoxia contributes to elevations of rat neutrophil chemokines, cytokineinduced neutrophil chemoattractant-1 (CINC-1), and macrophage inflammatory protein-2 (MIP-2) in newborn rat lung. Newborn rats were exposed to air or 95% O 2 for 8 d. CINC-1 and MIP-2 were measured in whole lung homogenates by ELISA. Newborn 95% O 2 -exposed animals were given anti-CINC-1 or anti-MIP-2, 1, 5, or 10 g on Days 3 and 4 of 95% O 2 exposure. Bronchoalveolar lavage (BAL) was performed after perfusion on Day 6 to evaluate airway neutrophils, and myeloperoxidase (MPO) was measured in perfused whole lung. Lungs were examined histologically and immunohistochemically for effects of 95% O 2 Ϯ antichemokine. 
Hyperoxia-mediated injury is known to be important in the pathophysiology of bronchopulmonary dysplasia (BPD) in newborns (1) . Oxygen exposure may itself initiate cellular injury, humoral mediator release, and neutrophil chemokinesis (2) (3) (4) . Further injury may be propagated by neutrophilic alveolitis, through release of neutrophil proteases and neutrophil peroxidases (5) .
Inflammation is believed to play a central role in pathophysiology of BPD in premature newborns. Elevations of neutrophil chemokines such as interleukin-8 (IL-8) and other proinflammatory cytokines have been observed in tracheal aspirates of patients who later develop BPD (6) (7) (8) . Glucocorticoids have been a mainstay of clinical treatment of established BPD and are believed to work in part by reducing inflammation, but are nonselective and have serious side effects, prompting the search for more selective targeting of antiinflammatory strategies (9) . IL-8 is the most potent neutrophil chemokine, acting through the C-X-C chemokine receptor-2 (CXCR2) receptor (10) . In rats, cytokine-induced neutrophil chemoattractant-1 (CINC-1) acts through rat CXCR2 which is Ͼ 85% homologous to human CXCR2 (formerly termed IL-8RB) (11, 12) . Macrophage inflammatory protein-2 (MIP-2) is a second potent rat neutrophil chemokine, a CXCR2 ligand homologous to human GRO-␤ , and less potent than CINC-1 (13) . The role of the C-X-C chemokines in acute inflammatory conditions such as lipopolysaccharide (LPS) treatment has been extensively studied (14) . Early elevations of cytokines IL-1 ␤ and tumor necrosis factor-alpha (TNF-␣ ) induce sustained elevations of C-X-C chemokines, such as CINC-1 and MIP-2 in rats, IL-8 and GRO-␤ in humans, and neutrophil activating protein-2 (NAP-2) in guinea pigs (15) . Neutralization of CINC-1 or MIP-2 using affinity-purified antichemokine antibodies substantially inhibits neutrophil influx when coadministered with LPS, and is more effective at blocking neutrophil influx than immunotherapy targeting IL-1 ␤ or TNF-␣ (16) (17) (18) .
On the basis of the aforementioned studies, we proposed the hypothesis that blockade of neutrophil C-X-C chemokines during hyperoxia would be useful for prevention and treatment of BPD. We sought to evaluate the effects of acute hyperoxia on the potent neutrophil chemokines CINC-1 and MIP-2 in a newborn rat model of acute hyperoxia exposure, and the effects of neutralizing anti-CINC-1 and anti-MIP-2 on the development of lung inflammation during hyperoxia exposure.
METHODS

Hyperoxia Exposure
Newborn rats were exposed in 95% O 2 -5% air or air alone, beginning on the day of birth, within 10 h of delivery, as previously described in detail by Bruce and colleagues (19) . Randomly assorted litters were exposed to 95% O 2 at 0.1 L/min in sealed Plexiglas cages 60 ϫ 45 ϫ 25 cm, which we have previously described in detail (20) . Oxygen was measured in each cage every 15 min with an analyzer (model 572; Servomex, Norwood, MA). CO 2 was removed with a soda-lime trap. Nursing rat dams were switched between air and 95% O 2 every 24 h. Exposure to ambient oxygen was Ͻ 10 min/d for weighing and cage cleaning. Litter size was adjusted to 10 pups using air-exposed control animals throughout the exposure to control for effects of litter size on nutrition and growth. Two litters were exposed in each treatment condition.
At 2, 4, 6, and 8 d, pups were anesthetized with sodium pentobarbital 150 mg/kg intraperitoneally and a tracheal cannula was placed. An abdominal incision was made, the diaphragm punctured carefully to collapse the lungs. After midline thoracotomy, the pulmonary artery was cannulated with a 25-gauge needle and the left atrial appendage was clipped. The lungs were gently perfused with 10 ml of 0.9% NaCl 1 mM ethylenediaminetetraacetic acid (EDTA) pH ϭ 7.4 to remove blood. In some animals, both lungs were slowly lavaged via the tracheal cannula five times with 0.5 ml 0.9% NaCl 1 mM EDTA.
Neutrophil Measurements
Lavage volumes were recorded, and cell counts measured with a hemocytometer. Differential counts of у 200 cells were obtained using Wright-Giemsa stain. Lungs were removed, weighed using an analytical balance, and flash frozen. Neutrophil accumulation in lung pa-renchyma was evaluated using myeloperoxidase (MPO) activity as determined by o -anisidine absorbance at 504 nm using a microplate method as previously described (21) . The lungs of five animals per treatment group were analyzed.
CINC-1 and MIP-2 ELISA
CINC-1 measurements were performed using the supernatants obtained from whole lung homogenates from animals which were perfused, but not lavaged. We used a sandwich ELISA previously described with the following modifications (22) . Plates were coated with affinity-purified polyclonal goat anti-rat CINC-1 at 10 g/ml (kind gift of Dr. John Zagorski), and standard curves prepared in duplicate using rat CINC-1 (R&D Systems, Minneapolis, MN). Rabbit anti-rat CINC-1 was used as the detection antibody 1 g/ml (Chemicon, Temecula, CA), and was detected with anti-rabbit-horseradish peroxidase conjugate (Sigma, St. Louis, MO), and o -phenylenediamine-HCl substrate at 492 nm in a microplate reader. Concentrations were calculated using software supplied with the plate reader according to the manufacturer's directions (BioTek, Winooski, VT). Likewise, a commercial ELISA kit was used to measure MIP-2 in whole lung homogenates according to the manufacturer's directions (R&D Systems, Minneapolis, MN). The usable ranges of both assays were 50 pg/ml to 25 ng/ml. Standards were assayed in triplicate and samples were assayed in duplicate. Results for the assay of standards or samples were accepted when the coefficient of variation was р 10%. CINC-1 and MIP-2 measurements were normalized to whole lung. Five animals per treatment group were analyzed.
Histologic Evaluation
Lungs were inflation fixed at 20 cm H 2 O for 30 min in 10% phosphate-buffered formalin, immersed in fixative overnight, paraffin embedded, and cut at 5 m thickness. Sagittal sections through the center of the lung were dewaxed in xylene and rehydrated in graded ethanols. Sagittal sections were obtained from the center of the block and encompassed at least three of four lobes in order to be representative, and were stained with hematoxylin-eosin. Two sections were obtained from each of four animals per treatment group and a minimum of 10 fields at ϫ 200 magnification were examined.
CINC-1 and MIP-2 Immunohistochemistry
Sections from anti-CINC-1 and anti-MIP-2 treated 95% O 2 -exposed pups at 6 d were studied to evaluate the effect of antichemokine treatment on chemokine expression. Sections from 8 d air and 8 d 95% O 2 -exposed pups were used to immunolocalize CINC-1 and MIP-2 expression, because whole lung cytokine measurements were highest at 8 d. Sections were incubated in goat anti-rat CINC-1, or goat antimouse MIP-2 (R&D Systems) 1 g/ml in phosphate-buffered saline (PBS) 0.01% Tween 20 for 2 h, washed in buffer three times, then detected with rabbit anti-goat peroxidase conjugate 1:500 (Sigma). Immunoaffinity purified anti-mouse MIP-2 cross-reacts completely with rat MIP-2 (23). Substrate was added according to the manufacturer's instructions (VIP; Vector, Burlingame, CA), and sections were counterstained with methyl green. Slides were photographed with a Vanox-S AH-2 microscope (Olympus America, Melville, NY).
Anti-CINC-1 and MIP-2 Treatment
On Days 3 and 4, hyperoxia-exposed pups were injected with immunoaffinity-purified goat anti-rat CINC-1, at 1, 5, or 10 g (approximately 0.2, 1, and 2 mg/kg body weight, respectively). Five pups were injected at each dose, and an additional five were injected with nonimmune goat IgG, 5 g (approximately 1 mg/kg). Animals were killed on Day 6, and lungs were perfused, lavaged, and removed as noted previously for protein analysis and analyzed for leukocyte accumulation as previously described. The procedure was repeated with the same dose of goat anti-mouse MIP-2. Lungs from five animals per treatment group were analyzed.
Statistical Analysis
Grouped data were expressed as mean Ϯ SEM. Between-group analysis was tested using single-factor analysis of variance (ANOVA). Pairwise comparisons were made using Tukey-Kramer analysis. Survival was analyzed using the Kaplan-Meier method. Results were computed using statistical software (JMP, Cary, NC). Significance was accepted at p Ͻ 0.05, assuming an ␣ error of 0.05 and a ␤ error of 0.10.
RESULTS
Effects of Hyperoxia on Chemokine and Neutrophil Accumulation
CXC chemokine assays. By ELISA, whole lung CINC-1 increased more than 5-and 10-fold at 6 and 8 d of 95% O 2 exposure compared with air-exposed controls. (Figure 1 ). There were parallel increases in MIP-2 in 6-and 8-d 95% O 2 -exposed rats. The overall amount of MIP-2 accumulation was nearly 10 times that of CINC-1, the more potent of the two neutrophil chemokines.
Neutrophil accumulation. Neutrophil accumulation in 95% O 2 -exposed newborn rats was parallel to the increases in CINC-1 and MIP-2. Neutrophil content in bronchoalveolar lavage (BAL) increased markedly with duration of oxygen exposure, but was nearly undetectable in BAL of 6-and 8-d air-exposed rats ( Figure 2 ). Whole lung MPO also increased with oxygen exposure duration, but to a much lesser extent. MPO concentrations in 6-and 8-d 95% O 2 -exposed rats were approximately double the concentrations in air-exposed controls (Figure 2 ).
95% O 2 Effects on Chemokine Immunolabeling at 8 d
There was prominent CINC-1 labeling in alveolar macrophages in 8-d 95% O 2 ( Figure 3 ). Labeled alveolar macrophages were rare in the air-exposed group. Alveolar epithelial labeling was also observed, but was much less intense and was not uniform. Unlike macrophages, alveolar epithelium did not show noticeably increased CINC-1 labeling at 8-d 95% O 2 exposure compared with 8-d air exposure although this was not quantified.
As with CINC-1, macrophages were abundant and intensely labeled with anti-MIP-2 in the 8-d 95% O 2 -treated group, particularly in areas of lung collapse and injury ( Figure  3 ). Few alveolar macrophages were seen in the air control group, and none showed positive labeling. Alveolar epithelial labeling was also seen to a much lesser extent. There were no apparent effects at 8 d of 95% O 2 on alveolar epithelial signal intensity compared with air controls.
Effects of Antichemokine Treatment on Survival and Growth
The survival in the air-exposed animals at 6 d was 100%. The survival among the 95% O 2 -exposed anti-CINC-1-treated group as a whole was 83 Ϯ 8%, and did not differ among dosage groups. Survival in the anti-MIP-2-treated group was 75 Ϯ 7% and did not differ among dosage groups. There was no statistically significant effect on survival when any treatment group was compared with nonimmune 95% O 2 -exposed IgG control animals, 75 Ϯ 8%.
95% O 2 -exposed animals (n ϭ 20) were smaller than airexposed animals (n ϭ 24) at 6 d, 12.4 Ϯ 1 g versus 15.3 Ϯ 0.8 g, p ϭ 0.04. The effect of oxygen on growth was unaffected by anti-CINC-1 or anti-MIP-2 treatment when measured at 6 d, although there was a trend toward increased weight in the 10 g anti-CINC group, (n ϭ 10) 14 Ϯ 0.03 g, p ϭ 0.10.
Effects of Antichemokine Treatment on Lung Histology
Air-exposed animals showed normal architecture and no cellular influx. All 95% O 2 Ϯ IgG control lungs demonstrated atelectasis, septal thickening, and inflammatory cellular influx. Atelectasis and cellular influx were typically nonhomogeneously distributed. 95% ϩ anti-CINC-1 and 95% ϩ anti-MIP-2 treated groups showed reduced cellular influx in alveolar spaces, and showed decreased septal thickening as well, in all dosage groups, particularly in the 10-g treatment groups (Figure 4 ). There were no differences apparent in elastin staining using Masson's trichrome between 95% O 2 ϩ IgG control and 95% O 2 ϩ antichemokine treatment groups at 6 d (data not shown).
Effects of Antichemokine Treatment on Neutrophil Accumulation: BAL and MPO
Treatment with anti-CINC-1 on Days 3 and 4 led to tenfold decline in leukocytes, and in particular neutrophils on Day 6 in all treatment groups (p Ͻ 0.001), when compared with nonimmune IgG-treated O 2 -exposed animals ( Figure 5 ). Leukocytes in BAL were similar in number to air controls. Similarly, MPO accumulation in whole lung homogenates showed parallel, dose-related decrements, although the changes in MPO were not as pronounced as the effects on BAL neutrophils ( Figure 5 ). MPO concentrations in the 5-and 10-g treatment groups were intermediate between MPO in 95% O 2 and air groups.
Anti-MIP-2 treatment on Days 3 and 4 had a similar effect at preventing BAL leukocyte and neutrophil accumulation at 6 d 95% O 2 , as shown in Figure 6 . Macrophages were slightly increased in the 10-g group compared with the 1-and 5-g treatment groups, but were significantly decreased in all antibody treatment groups compared with the 95% O 2 group. In contrast to anti-CINC-1 treatment, however, no significant effects of anti-MIP-2 treatment were detected on whole lung MPO accumulation at 6 d 95% O 2 .
Effects of Antichemokine Treatment on Chemokine Immunolabeling at 6 d
The most intense CINC-1 labeling was apparent in macrophages, which were fewer in number in the anti-CINC 5-and 10-g treatment groups, consistent with the BAL results. Results for the anti-CINC 10-g treatment group versus control are shown in Figure 7 . Alveolar epithelial labeling was also diminished in the anti-CINC-1-treated groups. Bronchiolar epithelial labeling was evident at 6 d, and was diminished by anti-CINC-1 treatment, particularly in the 10-g treatment group shown in Figure 7 . The predominant effect of anti-MIP-2 was on MIP-2 labeling in macrophages. In contrast to CINC-1, MIP-2 labeling in alveolar epithelium was much less apparent. 
DISCUSSION
Our results show that pulmonary neutrophil influx during hyperoxia in newborn rats is regulated in part by CXC neutrophil chemokines CINC-1 and MIP-2. Pulmonary neutrophil accumulation can be prevented by treatment with antichemokine neutralizing antibodies before high concentrations of chemokines accumulate during hyperoxia. Alveolar septal thickness was preserved by antichemokine treatment, consistent with reduced alveolar-capillary leak and edema, although this was not quantified. The newborn rat model of high oxygen exposure shares a similar early inflammatory response pattern with primates with severe respiratory distress syndrome, namely acute neutrophil influx followed by macrophage influx (24) .
Studies of inflammatory cytokines in premature newborns have shown that tracheal aspirate elevations of IL-1␤, TNF-␣, IL-6, and IL-8 among others predict development of BPD, and may be evident on the day of birth (6) (7) (8) . This finding suggests that perinatal factors preceding direct lung injury by hyperoxia or mechanical ventilation may contribute to the overall inflammatory state. The use of high partial pressures of oxygen in neonatal lung has long been suspected to induce inflammatory mediators, which contribute to the propagation of injury (9) . In a recent study of chronic lung disease in premature baboons, Coalson and colleagues found that increased tracheal aspirate IL-8 and neutrophils preceded morphometric changes consistent with human chronic lung disease of prematurity (25).
Our investigations focused on CINC-1 and MIP-2, ligands of the CXCR2 receptor, because previous experiments evaluating acute inflammation in LPS-induced lung injury in adult rats demonstrated marked reductions in inflammatory responses after coadministration of anti-CINC-1 and anti-MIP-2, despite elevations in other inflammatory cytokines, such as IL-1 ␤ and TNF-␣ (16, 18, 26) . This finding indicates the importance of the neutrophil chemokine pathway in the propagation of acute lung injury. Proinflammatory cytokines IL-1␤ and TNF-␣ induce the expression of neutrophil chemokines IL-8, GRO-␣, GRO-␤, NAP-2, CINC-1, and MIP-2 (14) . The CXCR2 murine knockout model demonstrates a marked inability to mobilize neutrophils during inflammatory stimuli despite adequate bone marrow precursors, further corroborating the dominance of this pathway in neutrophil chemotaxis (27) .
CINC-1 and MIP-2 were induced by 95% O 2 . Neutrophil chemokines IL-8 and MIP-2 have also been shown to be induced in newborn mice and rabbits (28, 29) . Tissue elevations in CINC-1 and MIP-2 occurred in parallel with BAL leukocyte accumulation, and MPO accumulation in whole lung. Chemokine levels in 95% O 2 -exposed newborn rats were significantly increased at 4 d, and continued to increase sharply at 6 and 8 d. The BAL neutrophil accumulation observed after 95% O 2 for 8 d was comparable to BAL neutrophil counts after LPS administration (16) , suggesting similar degrees of neutrophil alveolitis. Alveolar macrophages were the predominant site of increased cellular CINC-1 and MIP-2 expression as measured by our immunohistochemical studies. There were also hyperoxia-induced increases in CINC-1 immunolabeling of alveolar epithelium apparent at 6 and 8 d. Hyperoxia can induce type II cell hyperplasia and hypertrophy, which may account for the increased chemokine expression in alveolar epithelium. Anti-CINC-1 staining was more evident in 95% O 2 -exposed 6 d alveolar epithelium than at 8 d, possibly because chemokine expression was downregulated by 8 d in alveolar epithelium, although this was not tested. Although the most intense immunolabeling for CINC-1 and MIP-2 was noted in alveolar macrophages, the relative contributions of alveolar macrophage and alveolar epithelium populations to lung chemokine concentrations are unknown. Local variations in chemokine expression may influence local inflammation and responses to antichemokine treatment.
The efficacy of systemic antibody treatment may depend on the relationship between the antibody dose and the concentration and location of the target chemokines, as recently suggested by Blackwell and colleagues (30) . We did not measure serum or BAL chemokine levels and are not able to address whether the hyperoxia exposure we used caused a systemic rather than mainly local inflammatory chemokine response. Because a prominent source of CINC-1 and MIP-2 in acute lung inflammation is the macrophage, we presume that BAL concentrations of chemokines would be reduced in parallel with the antichemokine effects on macrophage numbers in BAL, although this was not tested. Endothelial leak associated with hyperoxia may have permitted sufficient neutralizing antichemokine antibody to escape the vessels and neutralize the chemokine gradient between the intravascular and intrapulmonary compartments. Expression of leukocyte adhesion molecules such as E-selectin is dependent on CXCR2 ligands such as CINC-1 and IL-8 (31) . Antibody neutralization may eliminate chemokine-induced expression of adhesion molecules, reducing neutrophil vascular adhesion and extravascular migration. Oxidant release in activated neutrophils is also induced by chemokines and may be reduced by antichemokine treatment (14) .
The different effects of anti-CINC-1 and anti-MIP-2 on tissue MPO may be related to the differences in chemokine potency. CINC-1-mediated effects on leukocyte adhesion may persist despite anti-MIP-2 treatment, accounting for retention of neutrophils in pulmonary vasculature and higher MPO tissue levels compared with anti-CINC-1-treated animals. Blood retained in the perfused lung may interfere with MPO activity measurements of whole lung homogenates, which is likely to be more pronounced in small, newborn rat lungs.
Antichemokine antibody treatment on Days 3 and 4 also decreased chemokine expression as measured by immunohistology at Day 6. Macrophage labeling for CINC-1 and MIP-2 on Day 6 was decreased after antichemokine treatment on Days 3 and 4. Alveolar macrophages were also fewer in number. The sustained effect of antichemokine antibodies on neutrophil accumulation may be explained by the decrease in chemokine immunohistochemical expression that we observed. We speculate that prevention of neutrophil accumulation protected the lungs from injury sufficient to avoid release of proinflammatory mediators that induce chemokine expression.
To evaluate effects of antichemokine treatment on lung injury, we performed histologic examinations of antibody and control treated animals. Hyperoxia effects on inflammation and injury vary with fraction of inspired oxygen (FI O 2 ) and duration. Because the exposure was relatively brief, we did not grossly observe severe edema or hemorrhage in any of the 95% O 2 -treated groups. Our studies were designed to evaluate the mechanisms of acute neutrophil influx after hyperoxia, and therefore our histologic examination was focused on airway and parenchymal inflammation. Alveolar macrophages were prominent in all the control 95% O 2 -exposed animals, and were in general less abundant in the antichemokinetreated animals, consistent with the BAL results. Parenchymal neutrophils were evident in small numbers in the hyperoxiaexposed animals, and were less apparent in the 5-and 10-g antichemokine treatment groups. Alveolar size and septal thickness were relatively preserved in the 5-and 10-g antichemokine treatment groups. Quantitative morphometric analysis should clarify whether normal alveolar development is in fact preserved by antichemokine treatment.
The doses of anti-CINC-1 and anti-MIP-2 chosen were similar to those previously used in LPS administration experiments. We had initially postulated that oxygen-induced inflammation would be more indolent than the acute LPS effects on CINC-1 and MIP-2 expression. Higher or more frequent doses of antineutrophil chemokines may prove more effective. Because the predominant neutrophil chemotactic effects of C-X-C chemokines are exerted through the CXCR2 receptor, it would be interesting to test the effects of blocking all potential agonists by using a recently identified CXCR2 receptor antagonist (32) . Disruption of the CXCR2 gene, for example, completely eliminates neutrophil chemokinesis in knockout mice (27) .
In the future, it will be important to further evaluate the extent of lung injury to determine whether the short-term antichemokine effects on inflammation conferred any sustained benefits to lung function or development. If decreased neutrophil deposition in the lung confers similar protection to that of antichemokine treatment in LPS lung injury models, there may be attenuation of capillary leak, improved lung compliance, and improved lung development as a consequence of reduced injury. Repeated dosing may be necessary to achieve sustained protection against neutrophil-mediated injury.
The potential therapeutic application of cytokine blockade has been stimulated by recent successful uses in the treatment of arthritis and inflammatory bowel disease (33) (34) (35) . Kotecha and others have suggested cytokine blockade for the prevention and treatment of chronic lung disease in newborns (8) . Present treatments directed against inflammation have almost exclusively used glucocorticoids. The large number of undesirable side effects, including adverse effects on lung (36) and somatic growth (37) , decreased resistance to infection, and others have intensified the search for better targeted therapies.
In summary, 95% O 2 induces CINC-1 and MIP-2 accumulation in neonatal rat lung, in parallel with alveolar neutrophil accumulation. Cellular expression of CINC-1 and MIP-1 in hyperoxia is overwhelmingly in alveolar macrophages, but is found in alveolar and bronchiolar epithelium. Neutralizing anti-CINC-1 and anti-MIP-2 treatment given before the 95% O 2 -induced rise in CINC-1 and MIP-2 partially prevented neutrophil accumulation in BAL from 95% O 2 -treated rats. Anti-CINC-1 also partially prevented neutrophil sequestration in lung tissue. Alveolar septal thickening and inflammatory cell influx evaluated histologically were prevented in antichemokine-treated animals. Anti-CINC-1 and anti-MIP-2 treatment on Days 3 and 4 reduced CINC-1 and MIP-2 labeling in alveolar and bronchiolar epithelium, as well as reducing intensely labeled macrophages. We conclude that hyperoxiainduced neutrophilic inflammation in newborn rats is mediated in part by CINC-1 and MIP-2. Blockade of the C-X-C pathway may prevent inflammation-associated lung injury in hyperoxia-exposed newborns.
